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Abstract 
The world’s output of products made of sintered powders is constantly growing due to 
high productivity and efficiency of powder metallurgy processes. Safe operation of machine 
parts and structural components made of sintered powder materials calls for reliable methods 
of nondestructive testing. The paper presents a procedure of two-parameter testing of product 
structure and porosity, as well as results of investigations into the effect of tensile stresses on 
the magnetic characteristics of powder structural steel with different residual porosity; it also 
discusses the applicability of the results for estimating elastic-plastic strains. 
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1. Introduction 
In industrially developed countries the output of products made of structural steels by 
powder  metallurgy  is  constantly  growing.  This  is  caused  by  a  high  metal  use  factor  and 
reduced labour consumption per unit product as compared to conventional technologies. To 
test products made of carbon powder steels, methods of magnetic structuroscopy are widely 
applied. Different methods are used for phase analysis, each being based on measuring a 
particular physical parameter (sometimes a set of physical parameters). A fairly simple and 
express way of testing is magnetic testing of porosity and phase composition of steels by 
saturation magnetization measurements.   
Coercive force is widely used for nondestructive testing of the structure and stress-strain 
state of steels. 
The variations of many physical characteristics in a fairly wide range of porosity and 
carbon content sufficient for practical applications are linear. Hence it follows that, if two 
physical characteristics of the kind are selected, one being dependent mainly on porosity P 
(density) and the other on carbon content С, both the porosity and carbon content of the 
products tested can be determined separately by the measurement results. 
The capabilities of two-parameter magnetic structuroscopy are illustrated by fig. 1. 
The  chart  illustrates  correlation  between  magnetic  characteristics  (coercive  force  Hc, 
saturation magnetization MS) and structural parameters (porosity P and fixed carbon content 
С). It shows lines with the same values of porosity and carbon content. The coercive force 
values ere related to carbon content by means of check samples, whose carbon content is   2 
determined  by  chemical  analysis  after  coercive  force  measurement.  A  so-called  “fitness 
parallelogram”  is  obvious  on  the  graphs  obtained  this  way,  wherein  there  are  magnetic 
characteristics of products meeting the requirements imposed by the specifications or other 
criteria for the structural state of steel. For example, when an article has Hc = 6.6 A/cm and 
Ms = 15320 A/cm (point A in fig. 1), in means that the porosity of the article is 8 %, its 
carbon content being 0.4 mass %, and this complies with the specifications (point A is found 
inside the “fitness parallelogram”. 
 
Fig. 1. Correlation between the magnetic and structural characteristics of sintered steels 
alloyed with nickel (~2 weight %) and molybdenum (~1 weight %). The numbers beside the 
dots indicate carbon content according to the chemical analysis 
 
It follows that the problem of inspecting the quality of sintered products made of powder 
carbon  steels  by  magnetic  methods  has  been  basically  resolved.  However,  there  are 
practically no works on predicting their stress-strain state. 
A peculiarity of the structural state of powder steels produced by solid-phase sintering, is 
residual  porosity,  whose  value  may  vary  between  several  percent  and  tens  of  percent 
depending on the purpose of the product. Porosity is known to impair the strength properties 
of powder steels, to govern the peculiarities of their plastic deformation in many respects and 
to affect their magnetic characteristics. 
 
2. Experimental procedure and materials 
The paper discusses the effect of porosity on the behaviour of the magnetic properties of 
powder structural steel with the weight content of alloying elements about 0.35% C, 2% Ni 
and up to 1% Mo under tensile deformation to fracture. 
Three groups of specimens with a porosity of 4, 12 and 17 % were tested. Compacted 
specimens made of a mixture of iron and graphite powders and alloying elements (nickel and 
molybdenum) were sintered in a pusher furnace at 1200°С within 2 hours in a hydrogen 
containing environment of dissociated ammonia. For better compressibility of the specimens, 
zinc stearate was added to the mixture. The variation of porosity in was provided by selecting 
the  compacting  pressure.  The  density  of  the  specimens  was  measured  by  hydrostatic 
weighing. Carbon content was determined with the application of the two-parameter method 
by measuring the coercive force of the specimens in view of their porosity
[1,2], as well as by 
means of chemical analysis for some specimens.   
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The metallographic analysis of the samples was made on the NEOPHOT 21 microscope 
after etching in a 4% nitric acid solution. 
The microfractographic analysis of the specimens was made with the use of the TESCAN 
raster electronic microscope. The fissures of the specimens were examined at a magnification 
of  100  to  2000  times,  with  a  portion  typical  in  terms  of  porosity  being  chosen  for 
examination. 
The  specimens  were  loaded  at  room  temperature  on  a  tensile-testing  machine  with 
simultaneous measuring of the magnetic characteristics of the specimens. The tension was 
performed with a small loading step up to fracture. After each step, the process of loading 
was suspended and, without unloading, the major and minor magnetic hysteresis loops were 
measured. The amount of strain e on the i-th loading step was determined by the formula e = 
ln(li/l0), where l0 is the initial length of the test portion, li is the length of the test portion on 
the  i-th  loading  step).  Check  and  comparison  experiments  on  tension  were  made  on  the 
Instron 8810 hydraulic testing machine with the velocity the grips 1 mm/min. The values of 
the mechanical characteristics in the main and check experiments differed insignificantly. 
The  hysteresis  loops  of  the  specimens  were  measured  in  a  closed  permeameter-type 
magnetic circuit on an installation comprising a computerized hysteresisgraph. The strength 
of the internal field of the specimens, the maximum value being 60 kA/m, was measured with 
the aid of a magnetic potentialmeter. The specimen was demagnetized before and after each 
step of magnetic measurements. Magnetization and remagnetization were effected along the 
specimen tensile axis. The field and induction measurement error did not exceed 3 %. The 
major  and  minor  hysteresis  loops  were  considered,  as  well  as  the  magnetic  parameters 
obtained  from  these  loops,  namely,  the  coercive  force  Hc  (hc  from  the  minor  cycles  of 
magnetization reversal), residual magnetic induction Br, maximal magnetic permeability mmax 
and  maximal  induction  m0Mmax  in  the  maximal  applied  field  Hmax.  Table  1  shows  the 
magnetic and mechanical characteristics of sintered specimens in the initial state. The values 
of the mechanical characteristics are averaged over two specimens. 
The X-ray diffraction analysis was made on an X-ray diffractometer in chrome anode 
radiation Ka. 
 
3. Results and discussion 
Table 1 presents the physicomechanical properties of the specimens in the initial state. 
Table 1. Physicomechanical properties of the specimens in the initial state 
Spec. 
No. 
ρ, 10
3 
kg/m
3  P, %  σ0.2, 
MPa 
σu, 
MPa 
d, %  Hc, A/m  Br, T  µmax  µ0Mmax, 
T 
1  7.52  4  315.6  465.6  9.39  510  0.678  519  1.956 
2  6.86  12  257.7  338.9  3.15  598  0.661  429  1.731 
3  6.50  17  205.2  268.1  2.30  615  0.632  417  1.611 
Figure 2 shows the variation of relative coercive force Нс/Нс
0 (the ratio between the value 
of Нс and its value at e ¹ 0 prior to tension) measured on the major and minor magnetic 
hysteresis loops as the specimens are tensioned. Relative coercive force enables the magnetic 
characteristics of the specimens with different porosity to be compared. It is obvious that the 
in the elastic strain region the relative coercive force first decreases and then, as the strain 
grows, increases. 
The behaviour of the dependences Нс(e), shown in fig. 2 is much alike to that of similar   4 
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Fig. 2. The variation of relative coercive force with tension: major hysteresis 
loops (a), minor hysteresis loops at Bmax = 0.4 T (b), minor hysteresis loops at 
Bmax= 0.05 T (c) 
dependences  measured  on  cast  steels
[3-7].  The  generalization  of  the  data  available  in  the 
literature suggests that the nonmonotonic behaviour of this dependence in the elastic region is 
governed  mainly  by  two  factors.  Firstly,  it  is  a  contribution  from  the  magnetic  texture 
appearing  in  the  specimens  under  elastic  strain  and  caused  by  the  rearrangement  of  the 
domain structure. For materials with a positive magnetoelastic effect (magnetostriction and 
external stresses of the same sign), tensile elastic stresses lead to a monotonic decrease of this 
contribution to Нс of a specimen. Secondly, it is a contribution to Нс from internal stresses 
growing monotonically with tension, particularly, in the region of plastic strain. Accordingly, 
as the external tensile stresses grow, the magnitude of this contribution to the coercive force 
of  the  specimens  also  grows.  As  a  result  of  competition  between  these  two  antithetic 
tendencies, in the initial stage of deformation it is the former contribution that prevails first, 
and then, at a greater amount of strain, it is the later one, thus forming a minimum on the 
dependence Нс(e). The degree of decrease in the coercive force is proportional to specimen 
porosity. 
 
Under external stresses exceeding the yield stress, the increasing density of the crystal 
structure  defects  (first  of  all,  increasing  dislocation  density)  becomes  the  main  factor  to 
govern the variation of the magnetic characteristics and the coercive force, particularly, in the 
plastic strain region, and this is accompanied by the collapse of the magnetic texture induced 
by elastic stresses. It is obvious from the graphs that the coercive force grows monotonically 
with  plastic  strain.  This  offers  a  fundamental  possibility  of  using  coercive  force  as  a 
nondestructive parameter enabling the amount of plastic strain to be determined. 
It  was  demonstrated  earlier
[6-8]  that  the  minimum  of  the  coercive  force  in  steels  is 
attributed to internal stresses in the initial state. The validity of this correlation for powder 
steels  can  be  verified  by  comparing  the  values  of  internal  stresses  measured  by  X-ray   5 
diffraction analysis with those determined from the minimum of the curves Нс(e) in weak 
fields. 
Table  2.  Internal  stresses  in  the  specimens  determined  by  X-ray  diffraction  analysis  and 
calculated from coercive force values. 
Internal stresses, MPa 
P, %  From X-ray data    Calculation 
from Hc 
Calculation 
from hc
0.4 
Calculation from 
hc
0.05 
4  85  255  260  200 
12  70  285  245  185 
17  60  220  200  160 
 
Hence it is supposed that the applied stress at which a minimum of the coercive force is 
observed in weak fields correlates with the level of microstresses in a porous material. 
Residual  induction  and  maximal  magnetic  permeability  grow  in  the  initial  stage  of 
loading, and they slightly decrease after exceeding the yield stress. In the elastic region the 
magnetic characteristics vary monotonically, and this offers a fundamental possibility to use 
them for estimating the elastic strain of products made of powder steel. 
 
4. Conclusion 
(1)  The relationship between the coercive force and the amount of tensile strain of the 
steel  studied  demonstrates  a  complex  behaviour,  namely,  the  coercive  force 
decreases in the region of elastic strains, and it increases in the region of developed 
plastic  strain,  the  extent  of  decrease  in  the  coercive  force  being  proportional  to 
specimen porosity. 
(2)  A possibility to select such a magnetizing field that the coercive force of a minor 
hysteresis cycle depends more on the amount of strain than on porosity has been 
demonstrated. It has been proposed that the applied stress at which a minimum of 
the coercive force of such a minor cycle is observed correlates with the level of 
microstresses in a porous material. 
(3)  At  external  stresses  exceeding  the  yield  stress  the  coercive  force  grows 
monotonically  with  plastic  strain.  This  enables  coercive  force  to  be  used  as  a 
nondestructive testing parameter capable of determining the amount of plastic strain. 
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